Ecological constraints coupled with deep-time habitat dynamics predict the latitudinal diversity gradient in reef fishes by Gaboriau, Théo et al.
Subject Category:
Evolution
Subject Areas:
evolution, computational biology, ecology
Keywords:
diversification, latitudinal diversity gradient,
mechanistic model, palaeohabitat, reef fish
Author for correspondence:
Théo Gaboriau
e-mail: theo.gaboriau@unil.ch
†These authors shared senior authorship.
Ecological constraints coupled with deep-
time habitat dynamics predict the
latitudinal diversity gradient in reef fishes
Théo Gaboriau1,2, Camille Albouy3, Patrice Descombes4,5,6, David Mouillot1,7,
Loïc Pellissier5,6,† and Fabien Leprieur1,8,†
1MARBEC, Université de Montpellier, CNRS, Ifremer, IRD, Montpellier, France
2Department of Computational Biology, University of Lausanne, Rue du Bugnon 27, 1011 Lausanne, Switzerland
3IFREMER, Unité Ecologie et Modèles pour l’Halieutique, Rue de l’Ile d’Yeu, BP21105, 44311 Nantes cedex 3, France
4Unit of Ecology and Evolution, University of Fribourg, Chemin du Musée 10, 1700 Fribourg, Switzerland
5Swiss Federal Research Institute WSL, 8903 Birmensdorf, Switzerland
6Landscape Ecology, Institute of Terrestrial Ecosystems, ETH Zürich, 8044 Zürich, Switzerland
7Australian Research Council Centre of Excellence for Coral Reef Studies, James Cook University, Townsville,
Queensland 4811, Australia
8Institut Universitaire de France, Paris, France
TG, 0000-0001-7530-2204; LP, 0000-0002-2289-8259
We develop a spatially explicit model of diversification based on palaeohabi-
tat to explore the predictions of four major hypotheses potentially explaining
the latitudinal diversity gradient (LDG), namely, the ‘time-area’, ‘tropical
niche conservatism’, ‘ecological limits’ and ‘evolutionary speed’ hypotheses.
We compare simulation outputs to observed diversity gradients in the
global reef fish fauna. Our simulations show that these hypotheses are non-
mutually exclusive and that their relative influence depends on the time
scale considered. Simulations suggest that reef habitat dynamics produced
the LDG during deep geological time, while ecological constraints shaped
the modern LDG, with a strong influence of the reduction in the latitudinal
extent of tropical reefs during the Neogene. Overall, this study illustrates
how mechanistic models in ecology and evolution can provide a temporal
and spatial understanding of the role of speciation, extinction and dispersal
in generating biodiversity patterns.
1. Introduction
The global increase in species diversity towards the equator, referred to as the
latitudinal diversity gradient (LDG), is one of the most striking biodiversity pat-
terns on Earth. The LDG has been described for most taxonomic groups at
different spatial scales and for different periods of time [1,2]. A myriad of eco-
logical and historical hypotheses have been proposed to explain why species
diversity is higher in the tropics [3–5]. Among the main hypotheses, the
‘time-area’ (TA), the ‘tropical niche conservatism’ (TNC), the ‘ecological
limits’ (EL) and the ‘evolutionary speed’ (ES) hypotheses are still under scrutiny
(box 1). Although these four hypotheses are widely accepted and non-mutually
exclusive [16], there is still no consensus about the macroevolutionary processes
underlying the LDG, and a lack of mechanistic understanding remains.
At the macroevolutionary scale, processes that drive regional species diversity
(i.e. speciation, extinction and dispersal) are difficult to parsewith currentmethods.
Recent empirical studies employed correlative approaches based on curve-fitting
methods, providing information about the factors potentially explaining the
global spatial variation in species richness [17,18]. However, these studies failed
to provide a mechanistic understanding of the roles of speciation, extinction and
dispersal in shaping large-scale patterns of species diversity [19]. In parallel, macro-
evolutionary models based on dated phylogenies or fossils have been used to
compare speciation, extinction and dispersal rates between tropical and temperate
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which should be cited to refer to this work.
Box 1. Major macroevolutionary hypotheses and associated mechanisms.
Time-area hypothesis
The TA hypothesis posits that the LDG is primarily driven by habitat dynamics [6]: tropical regions that covered larger areas
over geological periods should support larger populations on average [7] than temperate regions. The maintenance of large
populations over time should in turn increase the chances of speciation and decrease the chances of extinction [6,7].
To evaluate the predictions of the TA hypothesis, we used a habitat-driven spatial model of diversification that simulates
the evolution of species ranges in a gridded, changing landscape (SPLIT model, [8,9]). The distance over which species can
disperse in the changing landscape is controlled by a dispersal parameter (d ). New species arise in individual cells of a
species’ range with a given probability (probability of speciation, ps). Finally, if a species is not able to colonize any habitat
cell, then it will be considered extinct. The model is thus able to simulate the effect of habitat changes on species diversity and
diversification without explicitly considering the effect of area, which is an outcome of the simulated mechanism.
In this study, we seek to evaluate the influence of alternative macroevolutionary hypotheses that also depends on habitat
changes over time. Consequently, the influence of habitat dynamics on reef fish diversity must be considered for the evalu-
ation of these hypotheses. We opted for a nested design where each hypothesis was evaluated in conjunction with the effect
of habitat changes over time, as postulated by the TA hypothesis (see below).
time-area hypothesis: SPLIT model based on habitat changes
tropical niche conservatism:
adaptation probability (pa)
ecological limits:
carrying capacity (K)
carrying capacity ratio
evolutionary speed:
speciation ratio Pstrop  
  (rs = ––––)Pstemp   
Ktrop
  
  (rK = ––––)Ktemp   speciation (ps) extinction dispersal (d)
Tropical niche conservatism
The TNC hypothesis posits that stable tropical climates promote specialization [10,11], which limits the dispersal of tropical
species towards non-optimal temperate regions. We simulated the effect of TNC on the degree of specialization of tropical
species by limiting their dispersal towards temperate cells (see below).
dispersal distance
temperate habitat
tropical habitat
dispersal to suitable cells
survival test of tropical species
in temperate cells
pa
Whenever a species from a tropical habitat (orange species) colonizes a cell of temperate habitat, it survives with a prob-
ability pa. A pa of 0 means that species from a tropical habitat cannot colonize a temperate habitat (strict niche conservatism),
while a pa of 1 means that species from a tropical habitat colonize a temperate habitat without any constraints (niche vola-
tility). Thus, this mechanism acts by only reducing the probability of directional dispersal out of the tropics. In the example
above, the orange species survives in only one of the two cells colonized during the dispersal phase, while the blue species
(from a temperate habitat) colonizes without constraints.
Ecological limits
The EL hypothesis posits that the amount of energy received by ecosystems limits the number of species that can co-occur
in a region (carrying capacity, [11,12]). Thus, high latitudes should be able to sustain fewer species than low latitudes.
We modulated the carrying capacity (K) of each cell of the grid depending on the latitude of the cell (see below).
dispersal distance
temperate habitat
K = 1
K = 2
tropical habitat
2
2 2
dispersal to suitable cells
a temperate cell reaches its carrying capacity
local extinction of the blue species
equilibrium is reached
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regions [20,21]. For example, the Geographic State Speciation
and Extinction model (GeoSSE, [22]) has been used to test for
differences in speciation, extinction and dispersal rates between
tropical and temperate lineages of many vertebrate groups
[20,23]. However, such studies do not evaluate the link between
observed differences in evolutionary rates and diversity pat-
terns, nor do they allow for a mechanistic explanation of those
differences (e.g. density dependence, metabolism and geogra-
phy). To do so, we must better understand how biotic and
abiotic factors together have influenced the formation andmain-
tenance of biodiversity gradients [24,25].
Recently developed spatially explicit diversification models
allow the consideration of macroevolutionary processes in
explanations of biodiversity patterns [9,26]. These models have
previously been used to (i) provide theoretical predictions
about the effect of spatial processes [27], (ii) assess the influence
of past environmental changes on biodiversity gradients
[9,28,29], and (iii) test alternative macroevolutionary and
ecological hypotheses [4,30]. The advantage of mechanistic
models of diversification over correlativemodels (i.e. those look-
ing for a link between an explanatory variable and a diversity
pattern) is that multiple predictions of alternative hypotheses
can be compared simultaneously to observed patterns of biodi-
versity [28]. In addition, mechanistic models allow one to assess
the influence of a particular factor (e.g. climate) in isolation by
controlling for other factors, which is particularly relevant
when testingmultiple hypotheses in ecology and biogeography.
Leprieur and co-workers [9] proposed amechanisticmodel
of diversification, namely, the spatial diversification of lineages
through time (SPLIT) model, which consists of simulating the
evolutionary dynamics of species ranges by linking speciation,
extinction and dispersal processes to habitat changes caused
by plate tectonics. Using this model, Leprieur and co-workers
[9] showed that tropical reef habitat dynamics played a major
role in shaping the longitudinal gradient of tropical reef fish
diversity. In the context of the LDG, the original SPLIT
model allows exploring the predictions of only the TA hypoth-
esis, as this model does not consider mechanisms proposed by
the TNC, EL and ES hypotheses (box 1). In this study,we there-
fore propose a new formulation of the SPLITmodel that allows
comparing the predictions of the TA, TNC, EL and ES hypoth-
eses (box 1) to latitudinal patterns of reef fish diversity,
considering changes in both habitat configuration and climatic
conditions through geological time. We focus on spiny-rayed
fishes (i.e. Acanthomorpha), which are a dominant group of
vertebrates with thousands of species found in shallow reefs
worldwide. We based the simulations on the reconstruction
of potential coastal habitat in temperate and tropical regions
over the last 130 Myr.
2. Methods
(a) Spatial diversification model
Our study builds on the SPLIT model proposed by Leprieur and
co-workers [9]. The SPLIT model is neutral in the sense that
species are considered ecologically equivalent and not to interact
with each other. This model provides simulated species ranges
through time as well as phylogenetic trees from which one can
estimate species diversity metrics (α and β) and evolutionary
rates (speciation and extinction) (see the electronic supplemen-
tary material and [28] for full methodological details). It is
therefore particularly adapted to evaluating the predictions of
the TA hypothesis, which does not consider the influence of eco-
logical constraints between temperate and tropical climates (box
1). To evaluate the predictions of the TNC, EL and ES hypoth-
eses, we extended the SPLIT model to simulate mechanisms
leading to differences in speciation and dispersal rates between
tropical and temperate regions (box 1).
The diversification and biodiversity of reef fishes are closely
linked to reef habitat [31,32]. Thus, we simulated the evolution of
the distribution of reefs based on the reconstruction of potential
reef habitat over geological time [9]. We employed an absolute
plate motion model based on marine magnetic anomalies and
fracture zone tracks in the crust of today’s ocean basins [33].
We generated synthetic palaeobathymetry by combining oceanic
palaeobathymetry grids derived from palaeo-oceanic crustal age
grids with continental palaeogeographic data [9]. By combining
We introduced the carrying capacity ratio, rK, which quantifies the difference in carrying capacity between tropical and
temperate habitats. At each time step, the colonization of saturated cells (species richness > K) is balanced by local extinction.
To select species that first go extinct locally, we consider a trade-off between dispersal and competition, and we hypothesize
that species with the highest d are the best dispersers and the worst competitors. In the example above, one temperate cell is
saturated, causing local extinction of the best disperser. This mechanism has no influence if cells’ Ks are not reached and
influences sympatric speciation, dispersal and extinction if cells’ Ks are reached.
Evolutionary speed
The ES hypothesis posits that mutation and speciation rates depend on metabolic rates that are correlated with temperature
[13,14]. Thus, speciation rates of tropical lineages should be higher than speciation rates of temperate lineages [15]. We
introduced a difference in speciation rates between temperate and tropical regions (see below).
dispersal distance
temperate habitat
ps
temp
= 0.15
pstrop = 0.3
tropical habitat
dispersal to suitable cells speciation probability is higher in tropical cells
.
The speciation ratio rs quantifies the difference in speciation probability between tropical habitat cells (high temperatures,
pstrop ¼ ps) and temperate habitat cells (low temperatures, pstemp ¼ psrs). An rs of 0 means that the speciation rate of temperate
regions is null, and an rs of 1 means that there are no differences in ES between temperate and tropical regions. In the illus-
tration above, the speciation probability of the orange species is 0.15 in temperate cells and 0.3 in tropical cells.
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reconstructed shallow marine habitats with tropical limits
obtained from the occurrences of tropical coral fossils, we
generated one map per million years of tropical and temperate
shallow marine habitats (1° resolution) favourable for reef fish
colonization (electronic supplementary material and figure S1).
To provide a realistic simulation of the evolution of spiny-
rayed fish diversity over time, we started all the simulations
at 130 Myr, between 10°N and 30°N and between −10° E and
10° E [34], which are roughly the estimated date and places of
occurrence of the first known acanthomorph fossil (†Rubiesichthys
gregalis), respectively.
Simulations were run under a sympatric speciation
mode with fixed values of the dispersal (d = 4) and speciation
( ps = 5 × 10
−5) parameters. These parameters were determined
to provide realistic predictions of species richness and compo-
sitional variation (β-diversity) under the sole effect of habitat
dynamics (electronic supplementary material). Based on this
background set of parameters, we ran independent simulations
with the addition of latitude-dependent mechanisms, as postu-
lated by the TNC, EL and ES hypotheses, with parameter
values ( pa, rK, rs which correspond to the adaptation probability,
the carrying capacity and speciation, respectively) ranging from
0.01 to 0.99. Note that simulations run under the TA hypothesis
displayed the following parameters: pa = 1, rK = 1 and rs = 1.
For each set of parameters, we ran 10 independent simulations.
Although a combination of all the mechanisms into one model
may provide a better fit between simulated and observed
data, our goal was to evaluate the relative importance of each
mechanism in shaping the LDG. We also evaluated the pre-
dictions of the TA, TNC, EL and ES hypotheses under the
allopatric speciation mode (electronic supplementary material,
Methods and Discussion).
(b) Diversity gradients
We gathered distribution data for 4670 spiny-rayed reef fish
species from the Ocean Biogeographic Information System
(OBIS, electronic supplementary material) to assess whether
the TA, TNC, EL and ES models provided realistic predictions
of species richness and compositional variation (β-diversity)
due to species replacement (turnover, [35]). We mapped species
richness using a 1°-resolution grid covering all continental
shelves globally (figure 1; electronic supplementary material).
For all pairwise grid cell combinations, we calculated the
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Figure 1. (a) Observed and (b) simulated patterns of reef fish species richness. The simulated species richness was predicted by the EL model with the following
parameters: d = 4, ps = 5 × 10
−5; and rK = 0.1. This simulation provided a good prediction of global species richness (R
2 = 0.69) and was the best simulation
according to the Bayesian information criterion procedure. (Online version in colour.)
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turnover component of the Jaccard dissimilarity index (βjtu) using
the R package betapart [36].
For each simulation run under the TA, TNC, EL and ES
hypotheses, we compared observed and simulated patterns of
species richness and β-diversity using the Bayesian information
criterion (BIC). Specifically, we employed a hierarchical selection
procedure based on the BIC to provide the set of simulations that
best predict species richness and β-diversity simultaneously
(electronic supplementary material). For each set of best simu-
lations, we also calculated the coefficient of determination (R2)
from simple linear regression models to measure the fit between
observed (response variable) and simulated (explanatory vari-
able) species richness patterns [9,30]. Similarly, we compared
simulated and observed matrices of β-diversity using multiple-
regression models [37], with 1000 permutations of the observed
matrices from which we extracted the R2.
For each set of best simulations, we finally evaluated the
influence of the simulated mechanisms on various metrics
describing the evolution of the LDG. We calculated the latitudi-
nal richness through time, which represents the total number of
species found at the same latitude, at each time step of each simu-
lation. We used the segmented R package [38], which fits
segmented linear regressions and iteratively searches for break-
points, to identify simulated and observed latitudinal richness
breakpoints. As past climatic and tectonic changes are expected
to have had a strong influence on compositional variation, we
also identified latitudinal β-diversity breaks at each time step of
each simulation. For each degree of longitude, we calculated
the Jaccard dissimilarity index between each 1° cell and its adja-
cent cell to the north, and we extracted the turnover component,
allowing us to identify latitudinal β-diversity breaks.
(c) Diversification through time
From our simulations, we calculated the speciation and extinction
rates of tropical and temperate lineages as well as dispersal rates
into and out of the tropics (OTT). To do so, we counted the
number of speciation/extinction/dispersal events at each 5 Myr
time step and divided it by the number of tropical or temperate
lineages at that time and by the duration of the time step to render
the speciation/extinction/dispersal rate per lineage per Myr.
All analyses havebeenperformed inR [39]. Themodel presented
in this paper is available at https://github.com/theogab/SPLIT.
3. Results
(a) Diversity gradients
(i) Global predictions
In addition to the well-described diversity difference between
the Indo-Pacific and Atlantic regions (figure 1a), different
southern latitudinal breaks in species richness were found
between these two regions (Indo-Pacific: −18° N, 24° N and
43°N;Atlantic: 4° N, 24° Nand 41°N; see the electronic supple-
mentary material, table S1). Overall, each model provided
simulations that closely matched the empirical data for global
species richness (figure 1 and table 1; electronic supplementary
material, figure S3) and, to a lesser extent, those for species turn-
over (table 1). However, the ELmodel best predicted the global
distribution of species richness (figure 1 and table 1), followed
by the TNC, ES and TAmodels (table 1 and figure 3; electronic
supplementary material, figure S8). We observed that low
values of rK (EL) and pa (TNC) greatly improved the predictions
of species richness compared to simulations run under the TA
model (electronic supplementary material, figures S4 and S6).
Each model predicted higher speciation rates in the tropical
lineages than in the temperate lineages (figure 2), with a
marked decrease at the end of the Neogene. We also predicted
a higher extinction rate of tropical lineages, with peaks at the
end of the Cretaceous and the end of the Neogene (figure 2).
We simulated a complex history of transition rates between
tropical and temperate habitats with high poleward disper-
sal during the late Cretaceous and early Palaeogene and high
dispersal towards the tropics during the early Cretaceous,
late Palaeogene and Neogene. In the following sections, we
describe the outputs of the best simulations under each
model and,more specifically, the evolution of the LDG through
geological time.
Table 1. Model parameters of the best simulations run under the under the TA, EL, TNC and ES models. (For each best simulation, the goodness-of-ﬁt measures
(BIC and R2) that were used to compare simulated and observed data for species richness and β-diversity caused by species turnover are also shown (see methods
and the electronic supplementary material for more details).)
TA EL TNC ES
model parameters
d 4 4 4 4
ps 5 × 10
−5 5 × 10−5 5 × 10−5 5 × 10−5
rK — 0.1 — —
pA — — 1 × 10
−4 —
rS — — — 0.7
species richness
R2 0.46 0.69 0.55 0.50
p-value <2 × 10−16 <2 × 10−16 <2 × 10−16 <2 × 10−16
BIC 7.53 × 104 7.13 × 104 7.35 × 104 7.44 × 104
species turnover
R2 0.38 0.38 0.41 0.39
p-value 0.001 0.001 0.001 0.001
BIC −1.16 × 107 −1.17 × 107 −1.15 × 107 −1.16 × 107
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(ii) Time-area
The TA model predicted the formation of the LDG during the
middle Eocene (figure 3a; electronic supplementary material,
figure S3a). Compared to the observed LDG, the TA model
over-estimated species richness at subtropical and temperate
latitudes (greater than 26°N), with latitudinal breaks in species
richness for the Indo-Pacific region at −22° N and 46° N and for
the Atlantic region at 18° N (figure 3a; electronic supplemen-
tary material, figure S3a and table S1). This model did not
generate any latitudinal breaks in species turnover in the past
(electronic supplementary material, figure S9a).
(iii) Tropical niche conservatism
The TNC model predicted a steeper and narrower modern
LDG (figure 3b; electronic supplementary material, figure
S3b) than the TA model, with breaks in species richness at
−18° N and 23° N for the Indo-Pacific region and breaks
at −2° N and 30° N for the Atlantic region (electronic
supplementary material, table S1). We also did not observe
any latitudinal breaks in species turnover (electronic sup-
plementary material, figure S9b). The TNC model predicted
a steep decline in species richness towards the tropics begin-
ning at the end of the Miocene owing to the contraction of the
tropics (figure 3b; electronic supplementary material, figures
S13 and S14). Notably, this model generated high poleward
dispersal rates during the late Cretaceous and early Palaeo-
gene, despite the strong dispersal constraint that we imposed.
(iv) Ecological limits
The EL model predicted a strong LDG with breaks in species
richness at −19° N and 23° N and −21° N and 29° N for the
Indo-Pacific and Atlantic regions, respectively (figure 3c; elec-
tronic supplementary material, figure S3c). Similar to the
TNC model, the EL model revealed a steep decline in species
richness towards the poles in relation to the contraction of
the tropics during the Pliocene and Quaternary periods.
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Figure 2. Diversification rates through time from each model under sympatric speciation. We calculated the speciation, extinction and dispersal rates of tropical and
temperate lineages in each simulation for time periods of 5 Myr. The rates are calculated as the number of events (inside and outside the tropics) divided by the
number of lineages (tropical and temperate lineages, respectively) divided by the length of the time period (here, 5 Myr). The rates are thus expressed as events per
species per Myr. Note that widespread lineages are considered both tropical and temperate. For each mechanism, we calculated the rates for the 10 simulations run
with the set of parameters that rendered the best simulations. (a) The TA model, (b) the TNC model, (c) the EL model and (d ) the ES model. In the first two
columns, orange represents the tropical lineages and blue the temperate lineages. In the third column, orange represents the dispersal towards the poles and blue
the dispersal towards the tropics. (Online version in colour.)
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Furthermore, the EL model predicted strong latitudinal
breaks in species turnover at high latitudes (electronic sup-
plementary material, figure S9c). The EL model generated
globally lower speciation rates and higher extinction rates
of tropical lineages than the TA and TNC models (figure 3).
(v) Evolutionary speed
Similar to the TA model, the ES model generated a slight
LDG with breaks in species richness at −23° N and 46° N
for the Indo-Pacific region and breaks at 2.9° N and 40° N
for the Atlantic region (figure 3d; electronic supplementary
material, figure S3d). We did not observe a significant latitu-
dinal break in species turnover (electronic supplementary
material, figure S9d). The ES model generated globally
lower speciation rates and higher extinction rates of tropical
lineages than the TA and TNC models (figure 3).
4. Discussion
The uneven distribution of biodiversity on Earth ultimately
results from the heterogeneous outcome of speciation, extinc-
tion and dispersal [40,41]. Various historical and ecological
factors have been proposed to explain biodiversity gradients
[3–5]. However, we still lack integrated models that can be
used to evaluate the effect of these different factors and their
interactions [42]. In this study, we use a mechanistic modelling
approach to evaluate how historical and ecological factors may
influence reef fish diversity in space and time according to
alternative hypotheses. Our results reveal that palaeohabitat
dynamics determined the LDG in reef fishes during deep geo-
logical time but that only ecological constraints related to the
contraction of the tropical habitat during the Neogene (−23
to 2.5 Myr) explain the current shape of the LDG.
Habitat dynamics are expected to be major determinants of
biodiversity gradients [5,9]. For example, several studies have
shown that species richness and composition are closely
linked to habitat changes caused by past tectonic events
[9,29,43–45]. However, owing to the lack of palaeoenvironmen-
tal and palaeontological data, little empirical evidence supports
the influence of past habitat dynamics on the LDG [5,18]. In the
simulations run under the TA hypothesis, large and stable
areas of tropical habitat (electronic supplementary material,
figure S13) maintained high diversification rates (electronic
supplementary material, figure S15), which gradually
increased species richness in the tropics (figure 3a). These simu-
lations also revealed a slowdown of tropical lineages’
speciation rates during the Neogene (figure 2a), with relatively
similar speciation rates between tropical and temperate
lineages at the end of the Neogene, which could be related to
the shrinkage of tropical reef habitats during this period (elec-
tronic supplementary material, figures S13 and S14). This result
is particularly consistent with a recent phylogenetic-based
study [21] that showed relatively little variation in recent spe-
ciation rates in marine fishes for the latitudinal range that we
considered here (i.e. between −60° and 60° N, see the electronic
supplementary material, figure S16 for acanthomorph reef
fishes). Overall, these findings provide support for the hypoth-
esis that the LDG is the result of the deep-time history of clades
in relation to the dynamics of tropical habitats [46–49], hence
explaining the temporal variability in this pattern [50].
Although palaeohabitat dynamics alone can generate an
LDG in reef fishes, the TA model failed to predict all the fea-
tures of the modern LDG, such as the position of latitudinal
breakpoints in species richness. Indeed, the TA model was
found to over-estimate species richness at subtropical and
temperate latitudes, especially in the Northern Hemisphere
(figure 2a). The addition of mechanisms considering the
response of species to climatic conditions, as proposed by
the EL and TNC hypotheses, markedly improved the predic-
tion of the latitudinal variation in both species richness and
species turnover. This result suggests that the steepness of
the LDG and observed latitudinal breaks in species turnover
are generated by ecological constraints acting at the limits
between tropical and temperate environments. This mechan-
ism is not unexpected, given that contemporary patterns of
species richness and species turnover are strongly associated
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Figure 3. Evolution of the LDG in reef fishes according to simulations run under
(a) the TA model, (b) the TNC model, (c) the EL model and (d ) the ES model. We
present the latitudinal variation in reef fish species richness during geological periods
from the Palaeocene to the Holocene. For each mechanism, we calculated the
species richness of the best simulation across latitudes at each time step. These
simulated patterns can be compared to the observed latitudinal variation in species
richness located on the right of each plot (obs.). Pli, Pliocene; Ple, Pleistocene; H,
Holocene.
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with climatic conditions [45,51]. The fossil record also shows
that past climatic changes left a strong imprint on the LDG
[50,52,53], while comparative studies have demonstrated the
importance of climatic variations in diversification dynamics
[25,54]. In our simulations, palaeohabitat dynamics controlled
global differences in species richness and diversification rates
between tropical and extratropical areas, while climate-based
processes controlled the steepness of the species richness gradi-
ent and the position of latitudinal breaks in species turnover.
Consequently, these mechanisms are expected to act in concert
to shape the LDG at different spatial and temporal scales.
However, differentiating the predictions of alternative
climate-based mechanisms (i.e. mechanisms considering a
response to climatic conditions) using our model remains
challenging. First, the ES model generates predictions similar
to those of the TA model, which makes these processes
difficult to differentiate in comparative studies. This suggests
that the full complexity of the LDG cannot be predicted by
simple differences in speciation rates between tropical and
temperate lineages. Second, the EL and TNC models yield
more realistic predictions of the latitudinal variation in
species richness and β-diversity (electronic supplementary
material, figure S6). In the literature, one can find evidence
supporting both hypotheses. On the one hand, studies
focusing on the influence of palaeotemperature variations
on extinction rates of tropical lineages suggest that niche
conservatism limits species adaptation to a changing envi-
ronment [54]. On the other hand, the results from studies
focusing on density dependence support a difference in car-
rying capacity between temperate and tropical regions [55].
When evaluated jointly, both mechanisms seem to influence
different macroevolutionary processes [25], suggesting that
their relative influences could work closely together [56]. In
our simulations, we observed small differences in the predic-
tions of these hypotheses. Overall, the EL model rendered
better predictions for the variables we chose. Notably, it gen-
erated more obvious latitudinal breaks in species turnover. In
this case, new species that appeared inside a biome (tropical
or temperate) outcompeted those that colonized the biome,
limiting exchanges between biomes and increasing species
replacement at the boundaries between tropical and temper-
ate habitats. Furthermore, according to the EL model, the
saturation of temperate habitats prevented the speciation
rates of temperate lineages from increasing at the end of the
Neogene, despite the expansion of temperate habitats (elec-
tronic supplementary material, figures S13 and S14). In
both EL and TNC simulations, the position of the boundary
between tropical and temperate environments is key. Thus,
our predictions using those models should be interpreted
carefully as they are dependent on the reef-forming
corals fossil record that we used as a proxy for tropical
climate. Hence, the tropical limit is an approximation that
might suffer from dating, palaeo-localization inaccuracy or
data gap, especially further back in time ([57], electronic
supplementary material, Discussion).
This study demonstrates the importance of using multiple
biodiversity metrics to evaluate alternative hypotheses in the
fields of ecology, evolution and biogeography rather than
focusing on a single diversity metric [25]. Our results
showed that considering not only species richness but also
β-diversity allows better comprehension of the mechanisms
shaping the LDG. Our findings also illustrate the importance
of the temporal scale used when evaluating how alternative
hypotheses may explain the modern LDG. In all our simu-
lations, the tropics were considered either ‘a cradle’ or ‘a
museum’ [58], depending on the time scale. Tropical habitats
can be considered cradles on a very deep time scale because
most lineages originated in the tropics owing to a much
warmer climate and extensive tropical and subtropical habitat
in the Mesozoic (figures 2 and 3). Tropical habitats can also be
considered museums on a shorter time scale because they
allowed the survival of tropical lineages during the expansion
of temperate habitats starting in the middle of the Neogene.
The OTT ([10]) model posits that the tropics support more
species because lineages there have higher speciation rates,
lower extinction rates and higher net emigration over
immigration than do lineages in extratropical regions. Our
simulations based solely on the influence of habitat dynamics
tend to support the predictions of the ‘OTT’ model from the
mid-Cretaceous to the mid-Palaeogene but tend to reject it
for other time periods, which stresses the temporal charac-
teristic of this model [59]. Furthermore, even with a strong
influence of TNC, our simulations under the sympatric
mode of speciation revealed a higher net rate of emigration
over immigration in tropical lineages than in temperate
lineages in those time periods. Given this perspective, the
results from macroevolutionary models should be interpreted
carefully as an estimate of higher rates of dispersal towards
temperate habitats for lineages with tropical origins does
not always constitute evidence against TNC [20,23]. In that
sense, our results are concordant with the findings of Siqueira
et al. [23], but allowed a deeper understanding of the poten-
tial causes of differences in diversification rates and temporal
shifts in dispersal rates in reef fishes.
5. Conclusion and perspectives
In this study, we showed that the additional consideration of
climate-based processes in the habitat-driven SPLIT model
[9,28] significantly improved predictions of the modern LDG.
Using a process-based modelling approach, we revealed how
large-scale macroevolutionary dynamics and in situ environ-
mental processes can interact in space and time to generate
observed patterns of biodiversity. The simple formalism of
themodel presented in this study allows a broad range ofmodi-
fications and improvements [28], facilitating the integration
of a more complex process. We suggest that incorporating
competition and trait evolution under selective pressures
in a moving landscape could allow prediction of greater differ-
ences in β-diversity and evolutionary rates with alternative
mechanisms. This kind of model would consider process-
based mechanisms to establish a link between micro- and
macroevolutionary scales [60].
Data accessibility. The data supporting the results will be archived in the
Dryad Digital Repository: https://doi.org/10.5061/dryad.0r852nm
[61]. The SPLIT model with associated palaeoenvironmental data
can be found at https://github.com/theogab/SPLIT.
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